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Single-Phase Transformerless Onboard Charger with
Reduced DC Capacitance and Leakage Current
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Abstract This paper demonstrates a single-phase trans-
formerless onboard charger with reduced DC capacitance and
low leakage current. The circuitry topology is composed of two
LC Itered power modules. The upper/lower output capacitors
of each power module are connected to the positive and negative
DC bus terminals for the purpose of bypassing the leakage
current from owing into the grid side. The designed single-phase
onboard charger achieves low leakage current with an MPC-
based zero sequence control method. Also, the second harmonic
pulsation on DC side is mitigated with the MPC-regulated power
decoupling technique. With the proposed methods, the leakage
current is limited below 15mA without the need of isolation
transformer. The required DC capacitance is reduced by a factor
of 6. The dynamic performance is improved by MPC with a
rise time smaller than 2ms. The experimental results veri es the
developed onboard charger.

Index Terms Onboard Charger, Second Harmonic Injection,
Model predictive control, Single-Phase Converter, LCL lter,
Second Order Pulsation, Power Decoupling.

I. INTRODUCTION

HE popularization of electric vehicles (EV) are de-

manding more advanced battery charging technologies
to satisfy the rapidly increased market. In the EV market,
Plug-in Hybrid Electric Vehicles (PHEVs) and Battery Electric
Vehicles (BEVs) are two major types of EVs that play crucial
role for the net zero emission. In the PHEVs and BEVs,
onboard charger is a major component for the energy conver-
sion system [1] [5]. Since the onboard charger is integrated
in the vehicle with relatively longer charging time duration,
the volume and reliability are two key factors that directly
affect the performance of the charger. For the charging level
classi cation, single-phase onboard charger is one of the most
commonly used charger which has been con gured mainly
for the level 1 and level 2 categories [6], [7] with lower
rated power. The design of the single-phase AC/DC converters
largely determines the performance of the onboard charger.
Some key issues have been studied to improve the AC/DC
converter energy conversion operation including the second
order pulsation and leakage current [8] [10].

Firstly, one of the biggest issues for designing a single-phase
onboard charger is the second order pulsation on the DC side.
The main function of the single-phase AC/DC converter is
to converting the power between DC and AC side. However,
due to the unbalanced AC and DC power, there exists a
second order AC pulsation on the DC side. This pulsation
is stored and released through the DC sources. Otherwise,
a huge DC capacitor is required to damp this unbalanced
power by charging and discharging the AC pulsation. Several
techniques have been studied to attenuate this second order
pulsation including the passive and active power decoupling

methods. For the passive method, the main idea is to leverage
the magnetic components of inductors and capacitors for the
DC side second pulsation reduction [6], [11], [12]. Either
split DC capacitors or LC circuits can be inserted between
the DC and AC for the power decoupling. For the active
method, extra switches are required to form the auxiliary
circuits for the second pulsation attenuation [4], [13] [17].
The traditional power decoupling control method is mainly
applying the proportional integral (PI), proportional resonant
(PR) or notch lter to deal with the second order pulsation.
These conventional control methods damp the speci ¢ even
order harmonics by sacri cing the control bandwidth. The
dynamic performance needs more efforts to improve.

Secondly, for the leakage current issue of the onboard
charger, several techniques have been proposed from the
isolation and non-isolation perspectives. On the one hand,
a high frequency isolation transformer is typically installed
in the DC/DC energy stage to block the common mode
leakage current and adjust the DC voltage. However, the power
loss and volume of the transformer effect power density and
ef ciency of the onboard charger. On the other hand, several
papers have proposed the non-isolated single-phase AC/DC
converter topologies to attenuate the leakage current without
leveraging a transformer [18] [20]. The main idea is to add
extra power switches on the DC or AC side to stabilize
the common mode voltage. Thus, the corresponding leakage
current can be mitigated [21] [24]. This type of technology
has been widely utilized in the photovoltaic (PV) energy con-
version systems since there is more parasitic capacitance in the
PV applications. However, extra active power switches result
in more device cost, switching loss and higher modulation
complexity. The reliability is more challenging. The standards
of SAE J1772 [25] and UL 2231-2 [26] are the commonly
accepted references for the conductive charger of EVs. Based
on the standard requirements, non-isolated type of onboard
chargers can be considered for EVs as long as the leakage
current is within the limited threshold values. The applications
of non-isolated onboard chargers have been studied in [27]
[30]. Speci cally, [27] leveraged the interleaved buck/boost
converter to design the non-isolated onboard charger. [28]
improved the SEPIC Converter to develop the transformer-
less onboard charger. [29] applied the hysteresis control for
the non-isolated onboard charger current management. [30]
dealt with the ef ciency improvement for the single stage
transformer-less onboard charger and achieved an ef ciency
of 97.6% at 3.7 kW.

This paper demonstrates a single-phase non-isolated on-
board charger with the following outline. Firstly, the control
strategy is shown to deal with the major two existing single-
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Fig. 1. The general single-phase onboard charger topology and the existing
second pulsation issue on the DC side.
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Fig. 2. The power stored and released from the DC capacitor due to the
second pulsation.
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Fig. 3. The parasitic circuit diagram of the onboard charger.

phase charger issues, DC side second pulsation and leakage
current. Secondly, the improvements of the onboard charger
are demonstrated in the aspects of 6 times DC capacitance
reduction, increased battery voltage operation range, lower
leakage current and better dynamic performance.

Il. STATE-OF-THE-ART TECHNOLOGIES FOR
SINGLE-PHASE ONBOARD CHARGERS

A. Existing Issues in Single-Phase Chargers

1) DC side second harmonic pulsation issue: In the single-
phase grid-connected onboard charger system as shown in Fig.
1, the AC side output power, Pac;grid, Can be expressed as:

Pac:grid = Vac:grid (t)iac:gria(t)

= VacgriaSin(1t)l ac:griasin(!t)
1 cos(2't).
—

)

= Vac;gridl Ac:grid

Where: VAC;grid(t)a iAC;grid(t)v VAC;grid and IAC;grid are the
instantaneous values and amplitudes of the AC grid side output
voltage/current. However, the DC side power, Ppc.pus, Can be
demonstrated as:

@

where, Vpc:pus(t) and ipc:pus(t) are the instantaneous values
of DC side voltage/current. If the energy conversion ef ciency
is , the relationship between the output and input power can
be expressed as:

Poc;bus = Vboc;bus(t)ipc:bus(b);

©)

Pac:grid = Pbc;bus:
Then, the input DC side current can be further derived as:

1 cos(2!t).
2VDC;bus(t) .

Thus, either the DC side is connected to a constant voltage
source or con gured as a oating DC bus to be cascaded with
other energy conversion stages, the DC side voltage/current
will be uctuating at twice of the grid line frequency since the
DC side capacitor will store and release the AC component
of the unbalanced energy as shown in Fig. 2. The peak to
peak value of the pulsating waveform will be determined by
the current value and power level that are implemented on the
AC/DC converter. This second order pulsation is harmful to
the operation of the single-phase AC/DC converter, especially
when the DC bus capacitor is not large enough to damp the
charge and discharge of the unbalanced power between the DC
and AC sides. Severe issues, such as the output side current
distortion, saturation and unstable conditions, may occur with
power failure.

2) Leakage current issue: Common mode leakage current
is a typical issue for the EV chargers especially for the onboard
circuits since the EV chassis can be a conductor for the
common mode paths. Some standard requirements regulate
the leakage current to be less than a threshold value for the
grid interfaces [31] [33] considering the human safety. The
common mode leakage current paths are composed of the
parasitic capacitors, grid interfacing point, EV chassis, ground
and the circuit phase legs as shown in Fig. 3. The leakage
current is typically caused by the high frequency switching
pulsation of the switch legs. If not properly mitigated, the
leakage current can result in severe human safety issue when
the EV chassis is touched by human body. Additionally, the
leakage current will generate the extra power loss which will
not contribute to the charging power delivery. And the leakage
current is the source of THD that will worsen the power
quality.

(4)

ibc;bus(t) = Vac;gridl ac:grid

B. Conventional Solutions

1) Existing solutions for second pulsations: The state-of-
the-art solutions for the second pulsation attenuation can be
classi ed into passive and active methods. As shown in Fig.
4 and 5, the passive methods apply additional capacitors
or inductors to damp the second pulsation [6], [11], [12].
Two split capacitors can be added in the DC side. The DC
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Fig. 4. (a) Passive and (b) active second pulsation power decoupling methods
for single-phase AC/DC converters.

capacitors neutral point can be connected to the switch phase
leg output point through an inductor or directly connected
to the AC grid side. This type of passive method typically
requires huge capacitance to store and release the AC power
which is costly and bulky. Additionally, the active method
has been studied to further control the second pulsation with
auxiliary switch circuit as shown in Fig. 6 [4], [13] [17].
Instead of leveraging only the passive components, the switch
circuit is applied to actively control and attenuate the second
pulsation. The typical methodology is to add another switch
phase leg between the DC and AC sides. The extra phase
leg can be connected to either the grid side through split
capacitors, DC negative terminal through a series inductor
and capacitor or another phase leg output point through an
inductor. The advantage of the active method is that no huge
capacitance is needed to reduce the second pulsation. However,
specially designed control strategies are needed to tackle the
second order harmonics. The corresponding control methods
are typically combined with notch Iter, band-pass Iters or
PR controllers to deal with the even order harmonics which
could sacri ce the control performance and bandwidth. Also,
extra switching and magnetic circuits result in more cost and
complexity. The operation reliability is another concern that
needs to be addressed when designing the auxiliary circuits.
2) Existing solutions for leakage current reduction: For the
leakage current issue, one of the most effective solutions is to
install an isolation transformer with the corresponding DC/DC
converter in the onboard charger system. The common mode
path can be largely blocked by the isolation stage. However,
extra volume, power loss will be introduced. On the other
hand, referenced from the PV converter topologies, several
studies designed non-isolated converter circuits to attenuate the
common mode leakage current by adding extra power switches
and diodes without using the transformer. The corresponding
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Fig. 5. Two passive power decoupling single-phase AC/DC converter topolo-
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Fig. 6. Three active power decoupling single-phase AC/DC converter topolo-
gies.

design methodology has been shown in Fig. 7 where the extra
power switches and diodes can be added in the DC or AC
side to decouple the battery from the grid during freewheeling
modes. Thus, the common mode voltage can be stabilized as
constant in the whole grid period. Fig. 8 shows four types of
the non-isolated DC/AC converters that can be used to stabilize
the common mode voltage with low leakage current [18] [24].
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Fig. 7. The non-isolated single-phase AC/DC converter design methodology
with common mode voltage stabilizing function.
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Fig. 8. Four typical nonisolated single-phase AC/DC converters with common
mode current decoupling circuits.

I1l. PROPOSED DESIGN METHOD
A. Methodology

1) Control structure: The proposed control algorithms are
implemented in a single-phase onboard charger as shown in
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Fig. 9. The circuit topology of the single-phase onboard charger for the
implementation of the proposed MPC-regulated second harmonic injection
method.

Fig. 9 where the AC output capacitors are connected to the DC
bus terminals. The proposed control structure for the single-
phase AC/DC converter has been shown in Fig. 10 including
the dqO reference frame control to be cascaded with the per
phase MPC control.

Speci cally, for the dqO reference frame control, rstly, the
DC voltage is cascaded with the d component of the grid
current, ig.q, controller to provide the d component reference
for the output capacitor voltage MPC control. Secondly, the
reactive power, Q, controller is cascaded with the q com-
ponent of the grid current, ig.q, controller to provide the g
component reference for the output capacitor voltage MPC
control. Thirdly, the zero sequence control is responsible for
the common mode voltage stabilization and second harmonic
injection derivation to be con gured for the zero sequence
reference of the MPC control.

The output capacitor voltage references, V.40, are then
transferred from dqO reference frame to the ab reference
frame for the per phase output capacitor voltage MPC control.
The implementation of the MPC is to receive the sampled
AC inductor current, iL.ap, lower capacitor voltage, Vcf:an,
grid current, ig.ap, from ADC and lower capacitor voltage
reference, V.o, from the output of the upper level cascaded
grid current controller/zero sequence derivation. The MPC
is executed explicitly with a pre-con gured piecewise af ne
function to generate the desired duty cycle for the per phase
switching modulation.

For the digital execution of MPC, the state space equations
can be con gured as

. . T
LK+ D =i Ul + 2 0dl (5
fs
Ts. Ts .
ver(k+1) = —=iL(k) +ver(k) = ig(k): (5b)
Cf Cf
The standardized matrix format can be expressed as
Xi+1 = AX + Buk + Eeg (6)

where A = [1; Ts=L¢s; Ts=C¢; 1], B = [Ts=L¢s;0], E =
[0; Ts=C¢], Xk = [iL(k);vce(K)], ux = [vpcd(k)] and
ex = [igk].
The cost function is composed of two items

1

4u} R4uy (7
k=0

min X QX +
k=0
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Fig. 10. Control diagram of the single-phase onboard charger with the proposed MPC-regulated second harmonic injection method.
where Xy = [ip (k) ic(k);veeK)  ver(K)], Aue = Firstly, the angle speed of the second harmonic injection is

Uk Uk 1 and Q, R represent the weighting matrices for the  derived as twice of the grid line frequency, 21, according to
tracking error and input variable terms in the cost function. the calculation in (4).

Typically, the weighting of v¢(K)  ver(K) in Xy is con g- Secondly, the phase shift, , of the second harmonic injec-
ured to be 100-500 times larger than other terms to track the tion is calculated based on the angular difference between the
lower output capacitor voltage references more accurately. For  vectors of iy.4 and ig., by following

the zero sequence component of the output capacitor voltage
MPC reference, V¢.o, in Fig. 10 and 15, it is composed of two
terms, zero sequence offset voltage reference of half DC bus

averaged voltage, vpc=2, and the calculated second harmonic ) ) o
injection, Vong Thirdly, the amplitude of the second harmonic injection,

Vamp, is derived based on the balanced charging/discharging
(8) between the AC/DC capacitors, Cqc and Cg.1o. To balance
the second pulsation energy between the AC/DC capaci-
tors, the voltage ripples should satisfy the following charg-
ing/discharging equation

i
= arctan -99: 9)
I9:q

Vefo = VD=2 + Vand:

The per phase output capacitor voltage MPC controllers
regulate and track the desired second harmonic injection, vang,
with more stable operation and higher bandwidth to achieve
the second order power decoupling. No extra notch Iter or 1 1
resonant controller is needed to damp the second pulsation 5Cac Vb =2(5Cri0 VE¢): (10)

. 2 2
Also, the MPC improves the dynamic performance with higher
control bandwidth, faster response time and less transient
oscillation. The detailed control diagram has been shown in

The voltage ripple on the DC bus capacitor, vpc, can be
expressed as [34]

Fig. 10.

L . Vac:gridl Ac:gri
2) Second harmonic injection derivation: For the MPC- Vpc = W: (11)
regulated second harmonic injection derivation in the zero *0&dcVDCiavg

sequence control branch of control structure, the proposed where Vbc:avg and 1o are the averaged DC bus voltage and
method is leveraging the direct calculation based on the grid line frequency, respectively. Then, the desired amplitude
balanced charging/discharging between the AC/DC capacitors.  of the second harmonic injection on the AC output capacitor

No extra notch Iter or band-pass Iter is needed to Iter voltage can be be derived from (10) and (11) as
out or extract the second harmonic component. The control

bandwidth is largely improved due to the combination of direct
calculation and MPC regulation. The core methodology is
to transfer the second pulsation from the DC side capacitor,
Cd01 to the output lower CapacitorS, Cf;lO for the purpose Fina”y, the desired second harmonic injection can be ex-
of stabilizing the DC side second pulsation. Three steps are Pressed as

designed to derive the desired second harmonic injection as

shown in Fig. 11. Vond = VampCos(2lot + + ) (13)

VAC;griql:’lAC;grid : (12)
!OVDC;avg 8CdcCr:lo

Vamp =
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and leveraged for the per phase MPC control and regulation.
The term of represents the phase shift constant by consider-
ing the initial difference of sine or cosine functions.

For a more intuitive expression of the MPC-SHI imple-
mentation, the operating mechanism of the injected second
harmonics and the corresponding physical components are
shown in Fig. 12. The phase shift angle, , between the
second harmonic component and the pre-injected sinusoidal
AC capacitor voltage determines the shape of the post-injected
AC capacitor voltage waveform. The corresponding second
harmonic injected AC capacitor voltage waveforms have been
demonstrated in Fig. 12 with the phase shift angle ranged from
-40 to 40 .

B. Control Performance Analysis

To show the merits of better control performance of the
MPC-based second harmonic injection (MPC-SHI), the trans-
fer functions of the proposed control strategy and the con-
ventional method are derived with the detailed analysis. The
control diagram of the conventional Pl-based second harmonic
injection method has been shown in Fig. 13 for comparison
which has been published in [12].

The control plant models of the developed method and
the conventional Pl method are demonstrated in Fig. 14.
The traditional method to deal with the second pulsation is
typically by adding a notch lter in the d component DC
bus voltage control to avoid the second pulsation in uence on
the d grid current control. Also, in the zero sequence control
branch of the traditional method, the common mode voltage
and current controllers are typically con gured with the second
order band-pass lters to extract the desired second harmonic
component for the injection. These notch Iter and band-
pass controllers will result in lower control bandwidth. The
proposed MPC-SHI integrates the directly calculated second
harmonic component into the reference of MPC regulation.
No extra notch/band-pass Iters are needed. Thus, the control
bandwidth is increased and transient performance is improved
with faster rise time, less overshoot.

1) Conventional notch Iter Pl control: For the conven-
tional PI control method, since the dq branches of the DC
bus and reactive power controllers can both be in uenced
by the second pulsation, the twice grid line frequency, 21,
notch Iter should be inserted to remove the speci ¢ second
harmonics from worsening the output power quality. Also,
in the zero sequence control branch of the common mode
voltage/current controllers, the speci ¢ band-pass Iters are
con gured to deal with the second and fourth order harmonics,
21, and 41,

To analyze the control performance of the d component DC
bus voltage control branch in Fig. 14(a), the transfer function
from the grid current tracking error, ig.err, to the grid current
measurement, ig, can be expressed as

(14)

where Gig;p1(s) and Gicr;vx2ig(S) are the grid current Pl
controller and LCL plant model transfer functions, respec-
tively.

Gigerrzig;NotchP 1(S) = Gig:p1(8) GrLcLvx2ig(s)

Then, the transfer function from the DC bus voltage tracking
error, Vpc:err, t0 the grid current measurement, ig, in Fig.
14(a) can be expressed as

GvDCerrZig;N otchP 1 (S) =

GigerrZig;N otchP 1 (S)
1+ Gigerrzig;NotchP 1 (S)

(15)

where Gypc:p1(S) and Gnotch:sH1 (S) represent the DC bus
voltage Pl controller and the second order harmonic notch

Iter, respectively.

Finally, the transfer function from the DC bus voltage
reference, v, to the grid current measurement, ig, in Fig.
14(a) can be expressed as

Gvpc:pi(S) Gnotch;sHI(S)

GvDCerrZig;NotchP 1 (S)

1+ GvDCerrZig;N otchP 1 (S) .
(16)

2) Proposed MPC-SHI control: For the proposed MPC-SHI
control method in Fig. 10, since the second pulsation on the
DC bus can be largely attenuated through MPC regulation, the
dq branches of the DC bus and reactive power controllers will
not be in uenced by the second pulsation. Thus, compared
with the traditional Pl method, no second order notch lter
on dq or band-pass Iter on zero sequence control branches
is needed to improve the output power quality. The control
bandwidth and dynamic performance can both be improved,
accordingly.

For benchmark with the conventional method, the transfer
function of the d component DC bus voltage control branch in
Fig. 14(b) from the output capacitor voltage reference, v¢,
to the grid current measurement, iy, is derived as below

GubDcCref2ig;NotchP I (s) =

Guctrefigmpc(S) =

GvaererCf;MPC(S) (17)

[1+ Gucrerraver,mpc(8)I(SLeg + Rifg)

where Gycrerraver:mpc(S) is the transfer function from
the output capacitor voltage tracking error, Veg.op, t0 the
output capacitor voltage measurement, vce and Rigg is the
equivalent resistance of the grid side inductor.

Then, the transfer function from grid current tracking error,
ig.err, t0 the grid current measurement, ig, is further calculated
as

Gigerr2ig;mpc(S) = Guctref2igmpc(S) Gig:pi(s) (18)

where Gig;p(S) is the grid current control transfer function.
Then, the transfer function from DC bus voltage tracking error,
Vpceerr, t0 the grid current measurement, ig, is derived as

GigerrZig;MPC(s) GVDC;PI(S)
1+ GigerrZig;MPC(S)

GvDCerrZig;M PC(S) =

(19)
where Gypc.pi(s) is the DC bus voltage control transfer
function.
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Fig. 12. The comparison of DC capacitor size with and without using second
harmonic injection to maintain the same DC voltage ripple.

Finally, the transfer function from the DC bus voltage
reference, v, to the grid current measurement, ig, in Fig.
14(b) can be expressed as

GvDCerrZig;M PC (S)
1+ c':‘vDCerrZig;M PC (S)

Gvpcrefigimpc(S) = (20)

3) Frequency Domain Comparison: After deriving the
transfer functions of the conventional and the proposed control
methods, the bode plots of Fig. 14 from the DC bus voltage
tracking error, Vpc.err, to the grid current measurement,
ig, are demonstrated in Fig. 15. It can be veri ed that the
proposed MPC-SHI has higher control bandwidth than the
conventional notch Itered PI method. Due to the in uence
of second order pulsation notch Iter, the magnitude drops
distinctly at the frequency around 2!, and above. Thus, the
dynamic performance can be deteriorated with less exibility
to adjust the control gains. However, the proposed MPC-
SHI attenuates the second pulsation without generating extra
resonant spikes. The corresponding control bandwidth can be
largely increased with more exibility to increase the control
gain while maintained stabilized.
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Fig. 15. The transfer function bode plot comparison from the DC bus voltage
to the AC output capacitor voltage between the proposed MPC-SHI method
and the conventional Pl method with the second order notch lIter for the DC
voltage control.

(@ (b)

Fig. 16. Steady state performance of DC bus voltage, AC capacitor voltage,
AC output current and AC inductor current (a) without and (b) with the
proposed MPC-based second harmonic injection method for the single-phase
onboard charger.

Fig. 17. The comparison of DC capacitor size with and without using second
harmonic injection to maintain the same DC voltage ripple.

IV. MERITS OF THE DESIGNED SINGLE-PHASE ONBOARD
CHARGER

A. Reduced DC Capacitance

1) Capacitor Loss Analysis: The loss calculation of the
input, Cqc, and output, C¢, capacitors is based on the cor-
responding equivalent series resistance (ESR).

Speci cally, the loss calculation equation of the battery side
input capacitor, Cqc, can be expressed as follows:

Pcye:tloss = ESRey loutD(1 D) (21)

where Pc,.:loss;, ESRc,., lout and D are the battery side
input capacitance, ESR, output side current and duty cycle,
respectively.

The loss calculation equation of the output side capacitor,
Cs¢, can be demonstrated as follows:

Fig. 18. The second pulsation mitigation method enabling a capacitance
reduction of 6 times and volume reduction of 4-16 times.

Fig. 19. The prototype of the single-phase onboard charger with the switch
side inductors.

Fig. 20. Output voltage/current power quality and the leakage current for the
proposed MPC-SHI control method.

PCf;loss = ESRCf i =12 (22)
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Fig. 21. Transient performance of DC bus voltage, AC grid voltage, AC
output current and DC input current by enabling the conventional Pl-based
second harmonic injection method for the single-phase AC/DC converter.

Fig. 22. Transient performance of DC bus voltage, AC capacitor voltage, AC
output current and AC inductor current by enabling the proposed MPC-based
second harmonic injection method for the single-phase onboard charger.

Fig. 23. Transient performance of the single-phase onboard charger DC bus
voltage, AC capacitor voltage, AC output current and AC inductor current
with a load step-down variation.

where Pc,:-10ss, ESRc, and  i_f are the output side capac-
itance, ESR and switch side inductor current ripple, respec-
tively. Based on the theoretical analysis, the input and output
capacitor losses are calculated as 0.31 W and 0.52 W at the
operating power of 1 kW.

2) DC Capacitance Reduction: For the DC side second
pulsation mitigation, Fig. 16 demonstrates the steady state per-
formance of DC bus voltage, AC capacitor voltage, AC output
current and AC inductor current without and with the MPC-
SHI method for the single-phase onboard charger. It can be
seen that the DC second pulsation voltage ripple, vpc, has

been reduced by 6 times from 9% to 1.5%. Thus, the required
DC capacitance can be reduced by 6 times due to the MPC-
based second pulsation mitigation method as shown in Fig.
17. The corresponding capacitor volume can be largely saved.
For a more intuitive comparison, Fig. 18 demonstrates the 3-
dimension size comparison among different capacitors with
the capacitance of 90 F, 15 Fand 2.5 F, respectively. Among
the three types of mentioned caps, the capacitance values are
reduced by 6 times, successively. The capacitor volumes can
be reduced by 4.4 and 16.6 times, respectively. Thus, it can
be concluded that the proposed second pulsation mitigation
method enables a capacitance reduction of 6 times and volume
reduction of 4-16 times. As is shown in the designed prototype
in Fig. 19, instead of using 150 F (10 B32776Z9156K000 in
parallel) caps, 25 F (10 FA10 in parallel) can be con gured
as the DC bus cap setup for the designed onboard charger. The
ef ciency is targeted to be above 98% at the rated power. And
the power density of the designed onboard charger reached
8KWI/L with a total volume of 1L. The experimental setup
parameter table has been shown in Table I.

B. Less Leakage Current Injection without Isolation

The proposed MPC-based zero sequence voltage control
and regulated second harmonic injection attenuate both the
DC side second pulsation and leakage current. At the same
time, the output side voltage and current are not deteriorated.
The injected second order harmonics are restricted to circulate
within the switch side LC Iter. The grid voltage and current
are not distorted with low THD. Fig. 20 shows the grid
voltage/current and leakage current waveforms. The THD of
grid voltage/current are kept below 1.5% and the leakage
current is within 10mA.

C. Better Dynamic Performance with Parameter Mismatch
Tolerance

For the transient performance, since MPC-based SHI im-
proves the control bandwidth with more exibility to enhance
the control gain, the rise time and overshoot are both sig-
ni cantly reduced compared with the conventional Pl-based
control method. Fig. 21 shows the transient performance of
DC bus voltage, AC grid voltage, AC output current and DC
input current by enabling the conventional Pl-based second
harmonic injection method of [12]. Fig. 22 demonstrates the

TABLE |
EXPERIMENTAL SETUP PARAMETERS

Parameter Value
1 grid voltage, Vgrig,. N 120v
Battery voltage, Vgc 400V-850V
Rate power, Py 4-8kW
Switching frequency 200kHz
Switch side inductor, Lt 8 H
Grid side inductor, Lg 8 H
AC side capacitor, C¢ 5F
DC side capacitor, Cyc 25 F
MOSFET C3M0021120K
Controller LAUNCHXL-F28379D
Leakage current 10mA
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transient periods of DC bus voltage, AC capacitor voltage,
AC output current and AC inductor current by enabling the
proposed MPC-based second harmonic injection method. It
can be seen the transient period of the conventional Pl lasts
for 120ms. The proposed MPC-SHI can largely shorten the
transient period by 40 times to only 3ms without oscillation.
Additionally, the transient performance of the single-phase
onboard charger DC bus voltage, AC capacitor voltage, AC
output current and AC inductor current with a load step-down
variation has been shown in Fig. 23.

The parametric mismatch in uence of the switch side in-
ductance and output side capacitance on the onboard charger
control implementation has been demonstrated in Table II.
The switch side inductance, L¢, and output side capacitance,
Cg, are tested with the pre-con gured parametric variations
to demonstrate the control performance tolerance. The biggest
tracking error is lower than 1.1%.

For the parametric mismatch in uence of the output side
inductance, Lg, on the onboard charger control implementa-
tion, the related comparison results have been demonstrated
in Table Ill. The corresponding output side inductance have
been con gured with different values to test the effects on the
control implementation. The controller can tolerate the output
inductance uctuations.

The corresponding control plant model has also been shown
in Fig. 24 from the battery voltage regulation, grid side control
to the Iter plant modeling. The control gains have all been
optimized with frequency domain stabilization analysis by
sweeping the corresponding bode plots to achieve a proper
control bandwidth.

The nalized control gains for the dq grid current, reactive
power, battery voltage and current, and the MPC have been
listed in Table IV.

V. CONCLUSION

This paper demonstrated a single-phase transformerless
onboard charger that achieved reduced DC capacitance and
leakage current. The state-of-the-art technologies of the single-

TABLE |1
THE PARAMETRIC MISMATCH EFFECTS OF SWITCH SIDE LC ON CONTROL
IMPLEMENTATION.

L¢ Tracking Cs Tracking Ls ; Ct Tracking
Variation Error Variation Error Variation Error
30% 0.6% 30% 0.7% 30% 1.12%
20% 0.45% 20% 0.51% 20% 0.8%
10% 0.34% 10% 0.43% 10% 0.73%
0% 0.12% 0% 0.22% 0% 0.18%
-10% 0.27% -10% 0.37% -10% 0.68%
-20% 0.46% -20% 0.42% -20% 0.81%
-30% 0.55% -30% 0.52% -30% 0.92%

TABLE 1

THE PARAMETRIC MISMATCH EFFECTS OF GRID SIDE L ON CONTROL
IMPLEMENTATION.

Grid Side Inductance ( H) | 4 8 16 24 32
Tracking Error (%) \ 0.12 019 024 029 031

10

phase onboard chargers have been analyzed with the exist-
ing issues and conventional solutions. The designed MPC-
regulated second harmonic injection control algorithms and
hardware prototype achieved the merits in the aspects of
reduced DC capacitance, mitigated leakage current and im-
proved dynamic performance. These merits in combination
resulted in the overall onboard charger performance improve-
ment from the cost, power density and ef ciency perspectives.
The experimental results validated the developed method.
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